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In Brief Short et al. record from V1 neurons spanning the cortical layers in monkeys performing an attention task and reveal that attentional modulation of neuronal firing rate varies systematically across neuronal types. Attention facilitates the activity of V1 neurons with feature selectivity matching the features required for successful task completion.
INTRODUCTION
Attention could augment sensory perception by enhancing the activity of select neuronal populations that encode attributes of attended objects. In the visual cortex, attention directed to a particular location in visual space modulates the activity of neurons responsive to stimuli at that location [1] [2] [3] . Attention to specific stimulus features, such as direction of motion, also facilitates the activity of similarly feature-selective neurons in the visual cortex [4, 5] . However, the mechanism by which attention modulates neuronal activity is not known. Furthermore, whether the same mechanism underlies neuronal modulation by spatial versus feature-based attention is also unresolved. Part of the difficulty in elucidating the neuronal mechanisms of attention may be due to the fact that most studies of visual attention involve examining average attentional modulation across large numbers of neurons irrespective of neuronal variation, such as position in the cortical circuit hierarchy or feature selectivity. Indeed, when some neuronal variation is taken into account, such as narrow-versus broad-spike shape as a proxy for putative inhibitory/excitatory neurons, differences in attentional modulation across neuronal classes are observed [6, 7] . Our goal was to obtain a mechanistic understanding of attentional modulation by utilizing a more granular or neuron-and circuitspecific approach to directly test whether attentional modulation depends on neuronal feature selectivity.
Visual attention modulates the firing rate of neurons as early in the visual processing hierarchy as the visual thalamus, the lateral geniculate nucleus or LGN [8] [9] [10] . Attentional modulation of firing rate, averaged across neurons within each visual cortical area, scales up at progressive stages of the visual cortical hierarchy. In primary visual cortex (V1), attention has negligible or modest effects on average neuronal firing rate; in intermediate visual cortical areas such as MT (middle temporal) and V4, attention significantly modulates average neuronal firing rate; and, in the frontal eye fields, attention robustly modulates average neuronal firing rate [2, 3, [11] [12] [13] [14] [15] . The most common metric for attentional modulation of firing rate is the attention index, which is the difference divided by the sum of neuronal firing rates measured in each attention condition, i.e., when the subject is attending toward versus away from the visual stimulus in the receptive field of recorded neurons. Interestingly, the distributions of attention index values for recorded visual cortical neurons are broad, including neurons that are not modulated or even suppressed by attention [2, 3, 15] . This variation in attentional modulation of neuronal firing rate within each visual cortical area suggests that intuitive ''attention spotlight'' or simple gain enhancement models of attention cannot explain the full diversity of attention effects. Furthermore, it is possible that we may learn more about the neuronal mechanisms of attention by examining the variation in attentional modulation across neurons within a visual cortical area than by simply focusing on the average attentional modulation in a given visual cortical area.
We sought to understand the rules governing attentional modulation of neuronal firing rate. In other words, we wanted to discover why some neurons are facilitated, some suppressed, and others not modulated by attention. In parallel, we also sought directly test the contributions of spatial and feature attention at the neuron and circuit level, in part motivated by the ''feature similarity gain model'' proposed by Treue and Martinez-Trujillo [4] . Utilizing emerging multi-electrode array technology, we recorded from a large sample of neurons spanning all six cortical layers of V1 in alert and behaving macaque monkeys trained on an attention-demanding contrast-change detection task. Monkey V1 is an ideal cortical area in which to pursue this line of inquiry because attention index distributions for V1 neurons are centered near zero with neurons both facilitated and suppressed by attention [2, 3, 15] . Additionally, much is known about the feature selectivity of V1 neurons in the primate, as well as the diversity of physiological cell types located in different cortical layers [16] [17] [18] [19] . However, the feature similarity gain model has never been tested in V1. We compared attentional modulation of neuronal firing rate with neuronal position within the cortical circuit hierarchy, neuronal physiology, and neuronal feature selectivity, all measured independently. We observed a number of significant relationships between attentional modulation and neuronal position, physiology, and feature selectivity. Together, our findings suggest that attentional modulation critically depends on the match between the feature selectivity of neurons and the perceptual features required to complete the task. Furthermore, our results strongly support a model of attention that unifies spatial and feature attention components, such as the feature similarity gain model, in order to account for diverse attention effects across distinct neuronal subtypes.
RESULTS

Attention Task and Behavioral Data
Our aim was to directly compare attentional modulation of neuronal firing rate with neuronal position within the local circuit hierarchy, neuronal physiology, and neuronal feature selectivity, all measured independently, for a large population of neurons spanning the cortical layers of V1 in alert and behaving monkeys trained on an attention-demanding task. We trained three macaque monkeys to perform a contrast-change detection task requiring covert shifts in visual spatial attention ( Figure 1A) . The task followed a standard Posner cuing paradigm [20] in which monkeys learned that the color of the fixation dot cued them to attend to one of two identical drifting sinusoidal gratings placed in the upper and lower hemifield, equidistant from the central fixation dot ( Figure 1A , left). Trials were run in a block format and all trials proceeded following the same time line ( Figure 1A, right) . Following an inter-trial period, monkeys initiated a trial by acquiring and maintaining fixation on a central dot throughout a brief cue period (0.3 s). No visual stimuli were present in neuronal receptive fields during the cue period; however, the fixation dot color cued monkeys to attend to the grating that would appear in the lower or upper hemifield during the visual stimulus display period of the task. The visual stimulus display period varied in duration. After 1-3 s of visual stimulus display, the contrast of one grating increased by 10%, prompting monkeys to make an appropriate answer (releasing a lever or pressing a button to signify detection of the grating contrast increase) during the 0.5-s answer period. A small proportion of trials (5%) were invalidly cued, and monkeys were rewarded for correct detections of grating contrast changes at invalidly cued locations. All three monkeys were significantly less accurate on invalidly cued trials compared to validly cued trials ( Figure 1B ; p < 0.008 for all monkeys). While behavioral data indicate that monkeys correctly shifted the spatial locus of attention according to the cue, monkeys also could have divided attention between the two stimulus locations with unequal probability [21] .
Neuronal Selection and Classification
In order to compare attentional modulation with neuronal feature selectivity, we recorded the spiking activity of 213 well-isolated neurons in V1 while monkeys performed the contrast-change detection task. Independent of the attention task, we also assessed the visual physiology of all recorded V1 neurons by measuring their spiking responses to drifting sinusoidal gratings varying in contrast, orientation, spatial and temporal frequency, and size. All recorded neurons were assigned a position within the supragranular (SG), granular (G), or infragranular (IG) laminar compartments by determining neuronal depth relative to orthodromically stimulated geniculocortical-recipient neurons in layer 4C [22] and/or the border between layer 4C and layer 5 according to current source density spectra [23] calculated from local field potential (LFP) responses to flashed stimuli (Figures 2A  and 2B ). We used standard spike sorting methods, including principal components analysis, to cluster spike waveforms and 
Attention Task and Behavioral Results
(A) Schematic screen shots of the contrast-change detection task. A red central fixation dot (left) cued the monkey to attend to the drifting sinusoidal grating in the lower hemifield, while a blue fixation dot (right) cued the monkey to attend to the grating in the upper hemifield. Dashed circle (not displayed in the actual task) indicates receptive field location of recorded neurons. The timeline for a trial is indicated far right. (B) Accuracy, as average percentage correct, for each of the three monkeys on validly cued (attendtoward and attend-away conditions in red and blue, respectively) and invalidly cued (gray) trials. Error bars represent SEMs. Asterisks indicate significant reductions in accuracy on invalidly cued trials (monkey B: n = 95 sessions, p = 1.9 3 10 À10 ; attendtoward = 82% ± 1%, attend-away = 82% ± 1%, invalid = 63% ± 3%; monkey O: n = 23 sessions, p = 0.007, attend-toward = 65% ± 4%, attend-away = 68% ± 5%, invalid = 25% ± 13%; monkey E: n = 40 sessions, p = 0.001, attend-toward = 70% ± 3%, attend-away = 71% ± 3%, invalid = 45% ± 6%).
generate inter-spike-interval distributions ( Figure 2C ). We then calculated spike waveform signal-to-noise ratios (SNRs), and we utilized an SNR >2.75 criterion to select well-isolated V1 neurons (see STAR Methods for details). A total of 168 V1 neurons with tuned responses to contrast and spatial frequency at a minimum were included in the dataset. All neurons in the dataset had parafoveal receptive fields ( Figure S1 ). Each recorded neuron was classified as simple or complex according to the f1-to-f0 ratio [24] . While we observed simple and complex neurons in all three laminar compartments, simple neurons made up a greater proportion of neurons in the G laminar compartment (SG: n = 26 simple, n = 37 complex; G: n = 28 simple, n = 25 complex; IG: n = 20 simple, n = 32 complex). Because no differences in tuning properties or attentional modulation of firing rate were observed across neurons recorded in the three monkeys (p > 0.2), neurons recorded in all monkeys were pooled together to form a single dataset.
Consistent with previous findings in V1 [3, 12, 15, 22, 25, 26] , attentional modulation of firing rate among many V1 neurons was subtle. Figure 2D illustrates data from a single experimental session in which 11 well-isolated neurons spanning the cortical layers in V1 were recorded simultaneously. Peri-stimulus time histograms (PSTHs) for these example neurons show subtle changes in neuronal firing rate with attention (average spike count on attend-toward trials illustrated in red; average spike count on attend-away trials illustrated in blue). Distinct spiking patterns among neurons in this example session suggest sampling of different neuronal types, including simple neurons (e.g., contacts 2 and 3) and neurons with transient responses to the onset of the drifting grating (e.g., contacts 23 and 24). Importantly, many V1 neurons demonstrated robust attentional modulation, including facilitation of firing rate with attention ( Figure 2E , top three example PSTHs) and suppression of firing rate with attention ( Figure 2E , bottom example PSTH). When 
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; waveform SNRs were 9.2 and 4.8). Lowerright image shows the inter-spike-interval (ISI) distributions for the two waveforms and noise. Red dashed lines illustrate short-ISI cutoff, and red bar above noise ISI distribution illustrates a high percentage of short ISI violations (3.6%) compared to 0% short ISI violation for the cyan and magenta waveforms. (D) Peri-stimulus time histograms (PSTHs) for 11 simultaneously recorded neurons spanning the SG (green), G (orange), and IG (purple) laminar compartments (contact number color-coded by laminar compartment at right) from a single session. Average spike count (in 1-ms bins) prior to and following grating onset at time zero is illustrated separately for attend-toward (red) and attend-away (blue) trials. (E) Additional example PSTHs for four neurons, three facilitated (top three examples), and one suppressed (bottom example) by attention. PSTHs illustrate spike counts prior to and following grating onset at time zero on attend-toward (red) and attend-away (blue) trials. AI values for each neuron are indicated along with laminar compartment location and simple/complex type. Black curves underneath PSTHs illustrate differential modulation by attention (attend-toward minus attend-away), with attentional modulation during the grating display period illustrated by black fills, using the same scaling as above PSTHs. (F) Average firing rate for simple neurons (top; n = 74) and complex neurons (bottom; n = 94) just prior to and during grating presentation (grating onset at time zero) on attend-toward (red) and attend-away (blue) trials. Shaded regions represent SEMs. averaged together, both simple (n = 74) and complex (n = 94) neurons showed little attentional modulation of firing rate over a 1-s window of grating display ( Figure 2F ), likely because facilitating and suppressing effects of attention were averaged. We calculated an attention index (AI) value for each individual V1 neuron as the difference divided by the sum of average firing rate on attend-toward and attend-away trials. An AI of 0.33 represents a doubling (100% increase) in firing rate in attend-toward compared to attend-away conditions, while an AI of 0.09 represents a 10% increase in firing rate in attend-toward compared to attend-away conditions (see AI values for example neurons in Figure 2E ). For simple neurons, the f1 modulation across the full 1-s analysis window was used to determine AI values, although using the average firing rate to calculate AIs for simple neurons yielded the same overall results (see STAR Methods for details). For complex neurons, AIs were calculated using the full 1-s analysis window, the first 250 ms (the ''transient'' window), and the last 250 ms (the ''end'' window). There were no differences in AI values across the different analysis windows used (p = 0.7; see STAR Methods for details), so we chose the window that produced the largest AI for each complex neuron based on the rationale that neurons may be transiently modulated by attention [27] . Complex neurons with negative AI values had consistently negative AIs across analysis windows. Interestingly, most complex neurons had larger AI values calculated from transient or end windows (max AI from full window n = 16; max AI from transient n = 45; max AI from end n = 33). Importantly, calculating AIs using the full 1-s window yielded the same overall results (see STAR Methods for details).
Attentional Modulation of Distinct Subclasses of V1 Neurons
The distributions of AI values for simple and complex neurons were strikingly different from one another ( Figure 3A ). While attention increased the firing rates of complex V1 neurons on average, attention suppressed firing rates of simple V1 neurons on average. This difference in attentional modulation of firing rate for simple and complex neurons in V1 was statistically significant (p = 0.00017; Figure 3B ). Across the dataset, 10% of neurons were significantly modulated by attention (n = 6 complex neurons, n = 11 simple neurons), and, of those significantly modulated, 60% were facilitated and 40% were suppressed by attention (gray bars in Figure 3A ). Variation in the effects of attention on simple and complex neurons in V1 was also evident as significant differences in AI values for simple and complex neurons separated by laminar compartment location (p = 0.0046; Figure 3C) . Specifically, complex neurons in the G and IG laminar compartments were most facilitated by attention, while simple neurons in the SG and IG laminar compartments were most suppressed by attention. These results are consistent with the notion that output projecting neurons such as complex neurons in layer 4B (within the G laminar compartment) and layer 5 (within the IG compartment) may be more strongly modulated by attention. Alternatively, complex G and IG neurons could encode features that are important for the task, while simple SG and IG neurons may not be selective for task-relevant features. To test this latter hypothesis, we compared AI values with neuronal feature selectivity across the sample of V1 neurons. Figure 4 illustrates tuning curves for six representative V1 neurons, one of each type (simple, complex) within each laminar compartment (SG, G, IG). AI values are indicated for each neuron. We calculated tuning metrics for each neuron, including contrast to evoke a half-maximal response (c50) as a measure of contrast sensitivity (low c50s indicate high contrast sensitivity); orientation half-width at half-height (HWHH) as a measure of orientation tuning (low HWHHs indicate sharper orientation tuning); direction selectivity index (DSI; high DSI indicates more direction selective); surround suppression index (SSI; high SSI indicates strong surround suppression); and peak spatial and temporal frequencies as measures of preferred spatial and temporal frequencies. A unique subpopulation of V1 neurons, mostly in the G laminar compartment, was suppressed by high contrast stimuli (11 G simple neurons, three G complex neurons, two IG simple neurons, one IG complex neurons, one SG complex neuron). While these neurons had similar AIs compared to all other V1 neurons in the dataset (p = 0.7), they were excluded from further contrast sensitivity analyses because we were unable to obtain c50 values from power fits to tuning data for these neurons.
To visualize general relationships between attentional modulation of firing rate and neuronal feature selectivity across the sample of V1 neurons, we first compared AI values with tuning metrics for all neurons regardless of laminar location. There were significant correlations between AI and contrast sensitivity and between AI and direction selectivity (p = 0.04 for each; Figures 5A and 5B; see Table 1 for full regression statistics), but no significant relationships between AI and orientation tuning, surround suppression, or preferred spatial or temporal frequency (p R 0.11 for all; Figure S2A ; Table S1 ). Additionally, there was a significant three-way interaction between AI, c50, and DSI (p = 0.016, Figure 5C ; Table 1 ) whereby neurons that were more sensitive to contrast and strongly direction selective were more facilitated by attention, while neurons that were not sensitive to contrast and not direction selective were suppressed by attention. It is important to note that the task required detection of a near-threshold contrast change; i.e., contrast was an important feature of the task. Additionally, the drifting sinusoidal gratings displayed in the task had a strong directional component. Taken together, these results support the hypothesis that attention facilitates the activity of neurons whose feature selectivity matches the features required for the task and suppresses the activity of neurons that do not encode task-relevant features.
Given the differences in AI values for neurons in different laminar compartments (Figure 3C ), we further examined relation- Each row illustrates orientation, contrast, spatial frequency, temporal frequency, and size tuning curves for a single V1 neuron with laminar compartment location, simple/complex type, and AI value listed above the middle (spatial frequency) plot. Data are dots, and error bars represent SEMs. Lines are curve fits (Gaussian fits for orientation and size tuning data; power fits for contrast tuning data; and smoothing spline fits for spatial and temporal frequency data).
ships between AI and tuning metrics for simple and complex neurons in separate laminar compartments. There were no significant correlations between AI and any tuning metric for simple neurons in the SG, G, or IG laminar compartments (p R 0.13 for all; Figures S2B and S2D; Table S1 ). In contrast, there were a number of significant correlations between AI and tuning metrics for complex neurons in the different laminar compartments (Figures 5D-5F ). Specifically, there was a negative correlation between AI and orientation HWHH for SG complex neurons (p = 0.04; Figure 5D ; Table 1) Table 1 ) whereby greater direction selectivity correlated with attentional facilitation. Finally, there was a positive correlation between AI and SSI for G complex neurons (p = 0.04; Figure 5F ; Table 1) such that neurons with greater surround suppression were more facilitated by attention. For comparison, relationships between AI and orientation HWHH, DSI, and SSI for complex neurons in the other laminar compartments are illustrated in Figures 5G-5I (see Table 1 for regression statistics). Significant interactions were not observed between AI and contrast sensitivity, preferred spatial frequency, or preferred temporal frequency for complex neurons in the SG, G, or IG laminar compartments (p R 0.08 for all; Figures S2C and S2D; Table S1 ).
While attention has been shown to reduce variability for neurons in extrastriate cortex [28, 29] but see [7] , there were no differences in Fano factor (variance divided by mean spike count) across attention conditions, neuronal types, or laminar locations for the sample of V1 neurons (p = 0.6; Figure 6A ). Interestingly, Fano factors were lower overall, though not significantly different, for complex neurons in the IG laminar compartment. Likewise, spike count correlations among pairs of simultaneously recorded V1 neurons were slightly reduced with attention, but this effect was not statistically significant (p = 0.19; Figure 6B) . Given that AI and contrast sensitivity were significantly correlated among V1 neurons ( Figure 5A ), laminar differences in attentional modulation could be explained by laminar differences in contrast sensitivity. However, no significant differences in contrast sensitivity across neuronal types or laminar compartments were observed (p = 0.5; Figure 6C ). Similarly, differences in attentional modulation of neuronal subtypes could be explained by differences in visually evoked firing rates across neuronal subtypes if attention simply boosts the activity of the most active neuronal populations. In our dataset, simple neurons in the G laminar compartments had significantly lower visually evoked firing rates compared to complex neurons in all layers and simple neurons in the superficial layers, while simple neurons in the SG layers had significantly higher firing rates compared to G and IG simple neurons (p = 0.00001; average firing rate SG-complex = 21.5 ± 2.7; SG-simple = 29.8 ± 5; G-complex = 23.2 ± 4.0; G-simple = 6.5 ± 1.4; IG-complex = 19.8 ± 3.2; IG-simple = 12.1 ± 2.7). However, these patterns did not align with laminar and neuronal subtype-dependent differences in attentional modulation. For example, simple SG neurons were suppressed by attention on average even though these neurons had the highest visually evoked firing rates. Together, these results suggest that laminar differences in attentional modulation and correlations between AI and c50 must be due to neuronal feature selectivity and not differences in neuronal firing rate or contrast sensitivity across neuronal subtypes in the various laminar compartments.
As a final test of the hypothesis that attentional modulation depends on the match between neuronal feature selectivity and the features required for the contrast-change detection task, we measured neuronal discriminability for changes in stimulus contrast between 50% and 60%, matching the contrast changes detected in the attention task. We found a significant positive correlation between neuronal discriminability, quantified as the area under the curve for the receiver operating characteristic (ROC AUC), and AI for 33 representative neurons in the sample ( Figure 6D ; R 2 = 0.2, p = 0.007). Additionally, neurons with higher discriminability were significantly more modulated by attention (p = 0.004; mean AI for 19 low ROC AUC neurons = À0.023 ± 0.009; mean AI for 14 high ROC AUC neurons = 0.023 ± 0.01). Taken together, these results provide strong support for the hypothesis that V1 neurons optimized to encode changes in stimulus contrast within the operational range required for successful completion of the attention task were most strongly facilitated by attention.
DISCUSSION
Our aim was to understand the rules governing attentional modulation of firing rate across a population of neurons in the visual cortex. We utilized linear multi-electrode arrays to record from a large sample of V1 neurons spanning the cortical layers in alert and behaving monkeys performing an attention-demanding contrast-change detection task. Importantly, in addition to measuring attentional modulation of firing rate for each individual neuron, we independently measured (1) neuronal position within the local circuit hierarchy, (2) neuronal physiology as simple or complex, and (3) neuronal feature selectivity. We observed a number of striking and informative relationships between attentional modulation of firing rate and neuronal laminar position, physiology, and feature selectivity. Taken together, our results See Figure S2 and Table S1 for all other comparisons. See Table 1 for full regression statistics corresponding to each plot.
suggest that attentional modulation of neuronal firing rate depends critically on the match between the stimulus features required for the task and the feature selectivity of neurons. Furthermore, our findings rule out a generalized ''attention spotlight'' or gain enhancement mechanism for attention and instead support a mechanism whereby attention selectively enhances cortical circuits encoding task-relevant feature information and selectively suppresses cortical circuits encoding task-irrelevant feature information. Because feature-specific information is an important component of attentional modulation measured with a traditional spatial attention task, spatial and feature-based attention may be far more interwoven than previously thought. Our results support an integration of spatial and feature attention components similar to the feature similarity gain model of attention [4] . Consistent with prior studies of attentional modulation of firing rate in V1, we find modest facilitation of neuronal firing rates with attention [2, 3, 11-15, 22, 25-27, 30-32] . Attentional modulation of firing rate among V1 complex neurons was significantly greater than attentional modulation of firing rate among simple neurons, which were suppressed by attention on average (Figures 3A and 3B) . One possible explanation for this difference is that simple neurons, positioned earlier in the cortical circuit hierarchy and often receiving LGN input, may be less modulated by attention than complex neurons positioned later in the circuit hierarchy and often projecting to extrastriate cortex. However, this explanation may be oversimplified. Simple neurons in the G layers, including those in layer 4C that receive the majority of LGN input [33, 34] , were modestly facilitated by attention on average ( Figure 3C ), consistent with prior observations [22, 25] . Additionally, given that attention enhances both firing rates among LGN neurons and efficacy of LGN-to-V1 communication [9, 22] , a more parsimonious explanation is attention selectively modulates neurons and circuits that are important for the task. In the contrast-change detection task employed in this study, attention may have enhanced feedforward signals carrying information about stimulus contrast and direction, likely communicated from magnocellular LGN neurons to layer 4Ca neurons [16] , resulting in attentional facilitation of firing rate among simple neurons in the G laminar compartment.
Many of the relationships we observed between attentional modulation and neuronal physiology, laminar position, and feature selectivity support the hypothesis that attentional modulation depends on neuronal feature selectivity. First and foremost, the greatest attentional enhancement was observed for neurons with high contrast sensitivity and high direction selectivity, while attention suppressed the firing rates of neurons with poor sensitivity to contrast and direction of motion ( Figures  5C and 6D) . Notably, contrast and direction were the most informative and most salient features of the visual stimuli used in our task. A number of previous studies found that attentional modulation did not scale with stimulus contrast, suggesting separate coding schemes for stimulus contrast and attention [35] [36] [37] . But these studies did not include examinations of attentional modulation across neurons with different contrast sensitivities. Therefore, our findings are not incompatible with those of the studies listed above. For example, attentional modulation of firing rate for an individual neuron may not scale with changes in stimulus contrast, but attentional modulation across distinct neurons does depend on individual neuronal feature selectivity.
Our finding that attention facilitates the activity of neurons with high contrast sensitivity and strong direction selectivity is also consistent with Chen et al. (2008) , who demonstrated that a subset of V1 neurons were facilitated by attention on more difficult trials of their task [31] . Comparison of accuracy and reaction time behavioral data across the two studies suggests the difficulty level of our task was similar to the most difficult trials in the Chen et al. study task. Chen and colleagues further discovered that hard-trial-preferring neurons were the most direction selective and the most sensitive to stimulus contrast. We identified neurons with physiological properties matching the hard-trial-preferring neurons identified by Chen et al. and we found that these neurons were indeed more sensitive to stimulus contrast and direction and the complex neurons in this group were facilitated by attention. Thus, it is likely that the hard-trialpreferring neurons identified previously overlap with the neurons we identify as most strongly facilitated by attention with stimulus feature selectivity matching the features required for the task. A number of additional relationships between attentional modulation and neuronal feature selectivity also support the feature selectivity hypothesis. For example, simple neurons in the SG and IG laminar compartments-potentially receiving parvocellular and koniocellular stream input [38] [39] [40] -were most suppressed by attention ( Figure 3C ) perhaps because they preferred stimulus features (e.g., color) that were irrelevant for the task. SG complex neurons with poor orientation selectivity may have been similarly color tuned [41] and were also suppressed by attention ( Figure 5D ). Meanwhile, complex neurons in the G layers-likely layer 4B neurons with magnocellular input [17, 42]-were most facilitated by attention when they demonstrated greater direction selectivity and surround suppression ( Figures 5E and 5F ). While there is certainly evidence in our data for greater attentional enhancement among V1 neurons positioned further along the local circuit hierarchy, the relationships between neuronal feature selectivity and attentional modulation across different V1 subtypes point to a more nuanced hypothesis whereby attentional modulation is critically dependent upon neuronal feature selectivity.
Consistent with prior studies, attentional modulation of firing rate varied across neurons in different layers [7, 43] . We ruled out two factors that could confound this observation: (1) neuron-specific attentional modulation was not due to differences in contrast sensitivity across neuronal subtypes or layers ( Figure 6C) ; and (2) neuron-specific variation in visually evoked firing rates did not correlate with variations in attentional modulation. Furthermore, neuron-specific attentional modulation could not be attributed to variations in attentional modulation of neuronal spike count variance ( Figure 6A ). We observed little attentional modulation of variance or pairwise spike count correlations among V1 neurons, consistent with some [44] , but not other prior studies [28, 30] . Mounting evidence from recent studies points to a revised perspective on the mechanisms of attention. It is unlikely that a single mechanism, like generalized gain enhancement or noise reduction, can account for the diversity of attentional effects observed within and across visual cortical areas [45] .
Our findings provide insight into potential new models of attention by revisiting the relationship between spatial and featurebased attention. Numerous studies have examined differences in neuronal responses during tasks employing combinations of spatial and feature attention [4, [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] . Some differences in timing of neuronal responses during spatial versus feature attention tasks have been observed [48, 50] but see [58] . However, most studies describe additive effects of spatial and feature attention and many suggest separate mechanisms [4, 51, 55] . Relationships between feature attention modulation and individual neuronal selectivity have only been explored in a handful of studies with somewhat conflicting results. Martinez-Trujillo and Treue [5] found that attentional modulation of individual MT neurons increased when the attended motion direction matched the preferred motion direction of the neurons. These findings, along with their proposed ''feature similarity gain model'' [4] , in many ways laid the foundation for our systematic examination of the relationship between attentional modulation and neuronal feature selectivity. More recent examinations of feature attention modulation in MT showed no relationship between attentional modulation and neuronal tuning for color and direction [47, 52] . While differences in tasks or neuronal populations could explain these discrepancies, it is also possible that differences in attentional modulation across neurons with different feature selectivity are more pronounced when the two measurements are made independently and can be linked to properties such as neuronal position within the cortical layers. Here, we performed a direct test of a unified spatial and feature attention model. Our results suggest that spatial attention is not uniform for neurons within an attended spatial region but instead is selective for neurons within that attended spatial region that encode features relevant for the task. Thus, spatial and feature attention may interact via a weighted summation mechanism that includes positive weights for neurons encoding task-relevant features and negative weights for neurons encoding task-irrelevant features.
In summary, we demonstrate that examination of attentional modulation of individual neurons and circuits at the granular level is required to resolve the neuronal mechanisms of attention. Within a single visual cortical area, striking differences in attentional modulation are observed across distinct neuronal subtypes defined by physiology and position within the cortical circuit hierarchy. Above all, attentional modulation depends critically on the match between individual neuronal feature selectivity and the features required for successful completion of the task. Even at the first visual cortical processing stage, behavioral outcomes are linked to activity in selective neuronal populations encoding attended stimulus features.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: of firing rate were observed across neurons recorded in the three monkeys (p > 0.2), neurons recorded in all monkeys were pooled together to form a single dataset.
METHOD DETAILS
Surgical preparation and cylinder maintenance Using sterile procedures and under full surgical anesthesia, recovery surgeries were performed to secure headpost attachments, implant chronic electrodes, and/or make small craniotomies for recording access to visual structures. Single headposts (Crist Instruments, Hagerstown, MD) were secured to the skull using bone screws (Synthes Vet, West Chester, PA) and bone cement (Biomet, Warsaw, IN) or three headpost platforms with pins (Thomas Recording GmbH, Giessen, Germany) were directly attached to the skull using self-tapping bone screws. Monkeys recovered from headpost placement surgery for 1-4 weeks before being secured to a head-holding device while in the neurophysiological recording rig. In order to gain recording access to V1, a small craniotomy ($1cm in diameter) was made over the parafoveal opercular surface of V1 and a recording cylinder was placed encircling the V1 craniotomy and secured with bone screws and bone cement. Following recovery from surgery, cylinders were flushed with sterile Betadine or chlorhexidine solution in sterile saline at least 3 times per week. Weekly, 5-fluorouracil treatments and occasional dura scrapes were performed in order to maintain thin and healthy dura for ease of electrode penetration.
Visual stimulation and eye tracking
Visual stimuli were generated with a VSG/5 or Visage system (Cambridge Research Systems, Rochester, UK). All visual stimuli were presented under binocular viewing conditions on a gamma-calibrated CRT monitor with a refresh rate of 100 Hz and a mean luminance was 38 cd/m 2 placed 56 cm in front of monkeys' eyes The monitor was the sole source of illumination in the room with the monkey. Monkeys' eye positions were monitored by an infrared video eye tracker (Applied Science Laboratories, Bedford, MA or Thomas Recording GmbH, Giessen, Germany) with a refresh rate of 240 or 800 Hz. Eye position was calibrated at the start of each session. The calibration routine involved displaying 4 or 9 dots (0.5 diameter) one at a time for up to 2 s each, on a symmetrical grid centered on the monitor. The experimenter monitored monkeys' eyes and pressed a button when fixation on the displayed dot was acquired or the eye tracking system automatically detected fixations.
All of the behavioral tasks involved presentation of a central fixation dot (0.5 diameter) along with one or more visual stimuli. Most visual stimuli were drifting, sinusoidal or phase-reversing gratings with parameters optimized to best activate the majority of recorded neurons. To assess the location of recorded neuronal receptive fields, a grating under computer mouse control was positioned at various locations on the monitor and varied in size, orientation, spatial, and temporal frequency until optimal position and parameters were determined. To generate robust LFP responses in order to calculate current source density spectra for laminar assignment of recorded neurons (see below), a 4Hz flashing black/white disk (2-4 diameter) was centered over the receptive field. To measure neuronal tuning properties, drifting sinusoidal gratings were presented for 1-2 s in the receptive field and varied in contrast (1%-100%), orientation (0-324 ), size (0.2-10 ), spatial (0.2-4 cycles/ ), or temporal (1-16Hz) frequency in steps of 10 (2-5 repeats per recording session) while monkeys maintained central fixation on the dot. Inter-trial periods, in which the monitor displayed mean gray, were interleaved between each grating presentation (see below).
Based on online analyses of neuronal tuning, gratings used in the attention task were optimized to the preferred orientation and spatial frequency of the majority of recorded neurons. Gratings displayed in the attention tasks were [2] [3] [4] in diameter with a fixed temporal frequency of 4Hz (phase-reversing gratings had two phases per cycle so appeared as 8Hz). Starting grating contrast was usually 50%, although in some sessions starting contrast was optimized for recorded neurons (range 20%-70%). The two gratings displayed in attention tasks were always identical and always equidistant from the central fixation dot within the same hemifield. For the change detection task, the contrast of one of two displayed gratings increased by 10%. It is important to highlight that for all attention tasks, visual stimulation was identical across attention conditions and the only variable that differed across conditions was the direction of monkeys' covert spatial attention.
Behavioral tasks
Monkeys were trained to perform fixation and contrast-change detection tasks for juice reward using standard operant conditioning. If monkeys' eye position deviated by more than 0.5 at any point during a trial in any task, the trial was aborted. For all tasks, trials were interleaved with a 1-2 s inter-trial period during which the monitor was mean luminance (gray) and monkeys were allowed to freely move their eyes. Fixation tasks required monkeys to maintain central fixation on the central dot and ignore visual stimuli presented on the monitor. Neuronal responses to drifting gratings varying in specific parameters were measured while monkeys performed fixation tasks. Tuning data were collected both before and after monkeys performed the attention task in order to assess neuronal physiological responses at the beginning and end of experimental sessions.
For the contrast-change detection task, monkeys were trained to detect a near-threshold 10% contrast increment in one of two displayed gratings and to indicate detection by pushing a button or releasing a joystick. Monkeys had to maintain central fixation through the entire duration of each trial, including during the answer window. Monkeys learned to attend to the lower grating (overlapping recorded receptive fields -attend-toward condition) or the upper grating (attend-away condition) according to the fixation dot color cue, following a standard Posner cuing paradigm [20] (see Figure 1A , left). Trials were presented in a block format with 5-20 correct trials per block. All attention trials progressed as follows. After the inter-trial period, the central fixation dot was displayed or monkeys initiated the fixation dot display by moving a joystick to one side. Monkeys were required to maintain the joystick in the side position throughout the duration of the trial until the answer period -premature joystick movements caused trials to abort. Monkeys then acquired fixation and had to maintain fixation throughout the remainder of the trial. There was a cue period of 0.3 s followed by a visual stimulus display period of 1-3 s. The two drifting sinusoidal gratings were presented during the visual stimulus display period and continued to drift for a variable amount of time determined on a trial-by-trial basis according to a hazard function with a mean of 1.7 s. Following the visual stimulus display period, one of the gratings increased in contrast by 10%. Both gratings remained on the monitor during the 0.5 s answer period in which monkeys signaled detection of the contrast change by moving the joystick to the original central position or pressing a button. Only correct detection of the contrast-change, indicated by a correct joystick movement or button press within the answer period, while also maintaining central gaze fixation throughout the answer period, was rewarded with juice.
Across blocks of trials, 95% of total trials were validly cued, wherein the contrast-change occurred at the attended location cued by the color of the fixation dot. In the remaining 5% of trials, the fixation dot color cue was invalid and the contrast-change occurred at the unattended location. Accuracy was measured as the percent correct for each trial type (attend-toward, attend-away, invalidly cued), discounting aborted trials. We found no significant differences in the proportion of aborted trials across attention conditions for any monkey (p > 0.5). Monkeys performed between 65%-83% correct on validly cued trials and all three monkeys were significantly less accurate on invalidly cued trials ( Figure 1B ). Reaction times were also measured as the time between the contrast-change and button press or joystick release (Monkey B average joystick release time: 313 ± 7ms; Monkey O average joystick release time: 349 ± 12ms; Monkey E average button press time: 447 ± 11ms; invalidly cued correct answer reaction times were 19% slower on average).
were obtained from curve fits for each neuron and included: c50 or contrast to evoke a half-maximal response; orientation half-width at half-height (HWHH); direction selectivity index (DSI: difference divided by sum of peak and null orientation responses, all baselinesubtracted); preferred spatial and temporal frequency as peak frequencies in each; and surround suppression index (SSI: difference divided by sum of peak and largest-diameter grating responses, all baseline-subtracted). Eighteen neurons were suppressed by high-contrast gratings and c50s could not be obtained from power fits to tuning data for these neurons, therefore they were not included in comparisons of attentional modulation of firing rate with contrast sensitivity. Importantly, these neurons were included in the neuronal discriminability analysis (described below). All 168 neurons were included in comparisons of attentional modulation of firing rate with orientation tuning, direction selectivity, and preferred spatial frequency. Forty-two neurons were excluded from comparisons of attentional modulation of firing rate with preferred temporal frequency and 49 neurons were excluded from comparisons of attentional modulation of firing rate with SSI because tuning data were not available.
For each neuron, the f1-to-f0 ratio was also calculated from values extracted from the Fourier transform of neuronal responses to gratings of the preferred orientation and spatial frequency at 70% contrast and with a temporal frequency of 4Hz. Neurons with f1:f0 > 1 were defined as simple while neurons with f1:f0 < 1 were defined as complex [24] (n = 74 simple; n = 94 complex). The dataset included 26 SG simple neurons, 37 SG complex neurons, 28 G simple neurons, 25 G complex neurons, 20 IG simple neurons, and 32 IG complex neurons.
Spikes for all V1 neurons were extracted for all correctly completed attention trials. The number of trials in each attention condition was matched for all neurons due to the block format of the task (any extra, non-matched trials were discarded). Histograms of average spike counts just prior to and during grating stimulus display were generated separately for all attend-toward and attendaway trials (see Figure 2D ). For each neuron in the dataset, an attention index (AI) value was calculated according to the following equation: (average firing rate on attend-toward trials -average firing rate on attend-away trials) / (average firing rate on attend-toward trials + average firing rate on attend-away trials). For all AI calculations, average firing rate was measured during the last 1 s window of each trial containing 4 complete grating cycles given a temporal frequency of 4Hz. For simple V1 neurons, the full 1 s window was used to calculate AIs either from the f1 modulation of the firing rate or the average firing rate. Importantly, using the f1 or average firing rate to generate simple neuron AIs did not change overall results. For complex V1 neuron AI calculations, the 1 s analysis window was further subdivided in order to generate additional AI measurements based on the rationale that attention is dynamic and could impact neurons differently throughout the duration of a trial. It is important to note that AI does not depend on analysis window size, although window size must be constant within each AI calculation. AI calculations were made using the first 250ms (transient window), the last 250ms (end window), and the full 1 s window for each neuron. While there were no differences in AIs calculated from these different windows for complex V1 neurons (p = 0.7; Complex AI full window = 0.01 ± 0.005; AI transient window = 0.019 ± 0.01; AI end window = 0.013 ± 0.006), the majority of complex neurons had larger AI values calculated from transient or end windows compared to full windows (max AI from full window n = 16; max AI from transient n = 45; max AI from end n = 33). Therefore, the maximum AI for each complex neuron was utilized; noting that complex neurons with positive AI values had consistently positive values while complex neurons with negative AI values had consistently negative values. Importantly, overall results for complex V1 neurons were the same when AIs were calculated from the full 1 s window. Specifically, mean AI values for simple and complex neurons calculated from the full window were À0.03 ± 0.007 and 0.01 ± 0.005, respectively and were significantly different at p = 0.001, similar to the values reported in Figures 3A and 3B . Similarly, rerunning significant correlations between AI and tuning metrics (see below) using AIs calculated from full, transient, and end windows yielded similar results: SG complex AI calculated from full, transient, and end windows versus orientation HWHH: R 2 = 0.08, 0.2, 0.08 with p < 0.05 (similar to Figure 5D ); G complex AI calculated from full, transient, and end windows versus DSI: R 2 = 0.2, 0.1, 0.1 with p < 0.05 ( Figure 5E ); G complex AI calculated from full, transient, and end windows versus SSI: R 2 = 0.2, 0.1, 0.3 with p < 0.05 ( Figure 5F ). For all neurons, Fano Factors were calculated as the variance divided by the mean spike count for each attention condition (from the full 1 s window). For all simultaneously recorded pairs of neurons (n = 1239 total pairs) pairwise spike count correlations were measured by calculating the Pearson correlation coefficient across trials of each attention condition (again using the full 1 s window per trial for each neuron). To examine relationships between AI and neuronal discriminability for stimulus contrast within the operational range utilized in the attention task, we identified 33 V1 neurons with at least 4 repeats of contrast tuning tests. Importantly, this sample included simple and complex neurons recorded in all laminar compartments and also included 8 neurons that were suppressed by high contrast stimuli (SBHC). Neuronal responses to 50%-60% contrast were estimated from smoothing spline fits to contrast tuning curves and the area under the ROC curve quantified for each neuron as a measure of discriminability of lower (50%-54%) versus higher (56%-60%) contrasts. A regression analysis was used to compare area under the ROC curve with AI for the sample (see Figure 6D ). Additionally, a median split was utilized to separate neurons with poorer and better contrast discriminability; and a non-parametric two-sample comparisons test (Wilcoxon rank sum test) was performed to compare AI values across these two groups.
Distributions of AI values were generated separately for simple and complex V1 neurons in the dataset (see Figure 3A) and average AI values for simple and complex neurons in the SG, G, and IG laminar compartments were calculated (see Figure 3C ). For each individual V1 neuron, a statistical comparison of average firing rate (or f1 modulation for simple neurons) across attention conditions using a non-parametric two-sample comparisons test (Wilcoxon rank sum test) was performed. The same two-sample comparisons test was utilized for the statistical comparison of spike count correlations across attention conditions. For statistical comparisons across neuronal types, laminar compartments, and/or attention conditions, non-parametric multiple-comparisons analysis of variance tests (ANOVAs) were utilized. To compare tuning metrics with AIs, linear curves were fitted to comparison data and statistics obtained from regression models. Statistics reported for each regression analysis in Table 1 and Table S1 included: sample size, coefficient of determination (R 2 ), p value, F statistic, and error degrees of freedom. p values for regression analyses in which the same data were compared more than once were adjusted with a Bonferroni correction and corrected alpha values were also reported in tables for these comparisons.
DATA AND SOFTWARE AVAILABILITY
All neuronal datasets and custom analysis programs will be made available upon request to the Lead Contact, Farran Briggs (farran. briggs@dartmouth.edu).
